Abstract: A zirconia (ZrO 2 ) porous scaffold was coated with a gradient apatite layer to induce osteoconductivity with the use of a combination of sol-gel and powder slurry methods. The ZrO 2 was used to impart mechanical strength and the apatite layer was coated for functional biocompatibility. The coating layer, from the outside in, was composed of sol-gel hydroxyapatite (HA)/slurry HA/slurry FA. The sol-gel coating powder had a lower crystallinity than the slurry coating powder. The sol-gel HA coating over the HA/FA slurry coating layer made the surface very smooth. The sol-gel coating over the slurry coating layer enhanced the bonding strength up to 33 MPa. The dissolution rate of the sol-gel/slurry coating layer was much higher than that of the slurry coating. Moreover, the rate could be controlled by altering the heat-treatment temperature of the sol-gel HA layer. The MG63 cells cultured on these materials grew and spread in a different manner, depending on the coating layer. However, the proliferation rates of the cells on both coating systems were not much different.
INTRODUCTION
Hydroxyapatite [HA, Ca 10 (PO 4 ) 6 (OH) 2 ] ceramics have attracted much attention in orthopedics and dental surgery. [1] [2] [3] However, their applications are limited because of their poor mechanical properties for the load-bearing parts. 4 Hence, HA coatings on metal (Ti, Ti6Al4V, and stainless steel) or bioinert ceramics (ZrO 2 or Al 2 O 3 ) have been introduced to induce high mechanical strength as well as good biocompatibility of the system. [5] [6] [7] [8] HA coating methods, such as sol-gel synthesis, plasma spraying, physical vapor deposition, and powder slurry techniques all have their own advantages as well as shortcomings. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Among them, the sol-gel and powder slurry techniques involve a simple and inexpensive process. [11] [12] [13] [14] [15] [16] The former provides a relatively thin and dense layer, whereas the latter offers a thick and microporous structure. In previous studies, sol-gel and slurry coatings on ZrO 2 were performed separately. [12] [13] [14] [15] There were differences in their initial precursor characteristics and fabrication methods. It was expected that a sol-gel film would be favorable for short-term usage because of its high dissolution rate compared to a slurry coating layer. However, for long-term clinical stability, a powder slurry coating is suitable because of its thicker layer (Ͼ20 m) and relatively slower dissolution rate. From a bioactivity perspective, a sol-gel film is better during the initial period following implantation, because the as-implanted material needs to interact with the bone and transfer molecules that induce osseointegration. In this respect, a combination of the two coating techniques suggests an improved functional coating system, with a thin and bioactive sol-gel film as an outer layer, and a thick and stable slurry coating as an inner layer.
In this study, a combined coating system of HA sol-gel and slurry was applied on a ZrO 2 scaffold. A schematic diagram of the gradient coating system (sol-gel HA/slurry HA/slurry FA) on the ZrO 2 scaffold is shown in Figure 1 . The ZrO 2 scaffold, which was intended to be the load-bearing part, was designed to have a highly porous structure to induce bone ingrowth with the use of a polymeric sponge technique. The phase, structure, and morphology of the sol-gel and powder slurry coatings on the ZrO 2 were evaluated. The mechanical bonding strength between the coating and the substrate was examined. The biological assessments included the dissolution behavior and the proliferation of human osteoblast-like cells.
MATERIALS AND METHODS

Fabrication of ZrO 2 Porous Scaffold
A polyurethane foam template (45 ppi, Custom Foam Systems Ltd., Kitchener, Ontario, Canada) was cut to appropriate dimensions for fabricating porous scaffolds.
12,14 Commercial ZrO 2 powder (5.2 wt % Y 2 O 3 , Cerac Inc., Milwaukee, WI) was used to prepare a slurry mixture as a starting material for the porous body. The powder (100 g) was mixed with 6 g of triethyl phosphate [PO(C 2 H 5 O) 3 , Aldrich, WI], which was used as a dispersing agent, in 150 mL ethanol and stirred. Polyvinyl butyral (PVB, Aldrich, WI) was then added, and the solution was stirred vigorously to obtain the ZrO 2 slurry. The prepared sponge was immersed into the slurry and dried at 80°C for 10 min. The dried body was subsequently heat treated at 800°C for 5 h at a heating rate of 2°C/min, and further at 1400°C for 5 h, to obtain a dense ZrO 2 porous scaffold. The porosity of the body was controlled by repeating the above dipping-and-sintering process. Separately, for the in vitro cell-proliferation tests, ZrO 2 discs were prepared by pressing the ZrO 2 powder in a metal mold and further heat treating at 1400°C for 3 h. The ZrO 2 discs obtained were 12 ϫ 2 mm (diameter ϫ thickness), and had nearly full density [Ͼ 98% theoretical density (T.D.)].
Preparation of HA and FA Slurry
Commercially available pure HA (Alfa Aesar Co., Ward Hill, MA) was used as a starting powder for the slurry coating process. Fifteen grams of the powder were stirred vigorously in 50 mL distilled water in which triethyl phosphate was dispersed. As a binder, PVB was melted in a separate beaker, which was subsequently added to the slurry and then stirred. A fluorapatite (FA) powder was prepared from a reaction between TCP and CaF 2 powders for an intermediate coating layer between HA and ZrO 2 . 17 The FA powder slurry was also prepared by the same procedure as that of HA. The Ca-containing solution was added slowly to the P-containing solution, and then aged at room temperature for 72 h and further at 40°C for 24 h to obtain a clear HA sol.
Slurry and Sol-Gel Combined Coatings
The fabricated ZrO 2 porous body was immersed into the FA slurry and dried at room temperature and then at 80°C. This was followed by a heat treatment at 800°C for 5 h and then at 1250°C for 3 h. The immersion and heat treatment was repeated twice to form a dense FA intermediate layer in order to suppress the reaction between ZrO 2 and HA. The FA precoated scaffold was immersed into the HA slurry, then dried and heat treated under the same conditions, to prepare an HA slurry-coated ZrO 2 porous body. The sol-gel coating was performed by immersing the slurry-coated sample into the HA sol for 10 s and removing the residual sol by rotating it at a low speed. The obtained body was oven dried at 80°C for 1 h, and then heat treated at various temperatures (400, 600, and 800°C) for 1 h. This sol-gel coating process was repeated three times. The coating layers on ZrO 2 discs were obtained by a dip coating at a pulling speed of 0.5 mm/min. The coating compositions and heat-treatment processes were the same as the coatings on the porous scaffolds.
Characterization of Coating Layer
The phase of each coating material was analyzed with the use of X-ray diffraction (XRD) patterns. The structure of the coating layer was evaluated by Fourier-transform infrared (FTIR) spectroscopy. The morphology of the layer was observed with the use of scanning electron microscopy (SEM). The bonding strength of the coating layer with respect to the ZrO 2 substrate was tested with the use of an adhesion testing apparatus (Sebastian V, Quad Group, Spokane, WA). A 2.69-mm-diameter stud, which was precoated by the manufacturer with an epoxy of a proprietary composition, was adhered to the coating layer by curing the epoxy at 150°C for 1 h. The stud was pulled at a loading rate of ϳ2 mm/min until the coating layer failed, and the bond strength was determined from the maximum load recorded. For each condition, six specimens were tested (n ϭ 6).
Dissolution Behavior
In order to observe the dissolution behavior, the coated scaffolds were immersed in a physiological saline solution (0.9% NaCl) at room temperature and aged for up to 3 weeks. After a predetermined period of time, the sample was removed and the concentration of the Ca 2ϩ ion dissolved from the film was measured with the use of inductively coupled plasma-atomic emission spectrometry (ICP-AES; ICPS-100IV, SHIMADZU, Japan). Three specimens were tested for each coating system (n ϭ 3).
In Vitro Cell Proliferation
The osteoblast-like cell line MG63 was used after it was cultured in flasks containing Dulbecco's modified Eagle's medium (DMEM, Life Technologies, Inc., Rockville, MD) supplemented with 10% fetal bovine serum (FBS, Life Technologies, Inc., Rockville, MD). In order to quantify the cellproliferation levels, coating specimens in a disc type (12 ϫ 2 mm) were used. Moreover, the coated porous scaffolds with a dimension of 25 ϫ 25 ϫ 2 mm were also prepared to observe cell growth morphology. The cells were plated on the fabricated coating specimens of discs and porous scaffolds at seeding densities of 1 ϫ 10 4 and 5 ϫ 10 4 cells/mL, respectively.
14 A plastic culture plate (Thermanox; NUNC, IL) was used as a control. The cells were then cultured for 3 and 7 days in an incubator humidified with 5% CO 2 /95% air at 37°C. After the cells proliferated on disc samples were detached with the use of a trypsin-EDTA solution, the live cells were counted with the use of a hemocytometer (Superior Co., Germany). Each set of tests was performed in triplicate (n ϭ 3), and the data were normalized to the surface area. SEM was used to observe the morphology of the proliferating cells on both discs and porous scaffolds after the cells were fixed with glutaraldehyde (2.5%), dehydrated with graded ethanol (70, 90, and 100%), and critical point dried with the use of CO 2 .
Statistical Analysis
All data were expressed as means Ϯ 1 standard deviation (SD) for n ϭ 6 (bonding strength) and n ϭ 3 (cell proliferation). Statistical comparisons of the results were evaluated by the analysis of variance (ANOVA) technique followed by the Bonferroni correction test. The levels of statistical significance were taken as p Ͻ 0.01 and p Ͻ 0.05.
RESULTS
Phase and Structure
A typical structure of ZrO 2 porous scaffold fabricated with the use of the polymeric sponge replication technique is shown in Figure 2 . The highly porous scaffold with porosity of ϳ90% and pore size of ϳ600 m had a well-interconnected framework. Apatite layers were then coated on the struts of the scaffold in order to improve the osteoconductivity of the body. Figure 3 (a-c) shows the XRD patterns of the coating powders (FA slurry, HA slurry, and HA sol-gel) after heat treatment at each coating condition. Characteristic apatite peaks were observed in all the cases. However, the peaks for the FA and HA powders from the slurry [ Figure 3(a,b) , respectively] were much sharper and clearer than those from the sol-gel powder [ Figure 3(c) ]. This suggests that the sol-gel coating layer had either a lower crystallinity or smaller grains than the slurry coatings.
The structures of the coatings were also analyzed with the use of FTIR spectroscopy after heat treatment at each coating condition, as shown in Figure 4(a-c) . Typical apatite structures were observed in all powders, with P-O vibration modes (570 -610 and 1000 -1100 cm Ϫ1 ). However, the O-H vibrational (630 cm Ϫ1 ) and stretching (3570 cm Ϫ1 ) modes appeared only in the HA powders [ Figure 4(b,c) ]. In addition, the C-O bands were also observed only in the HA slurry (1400 -1500 cm Ϫ1 ) and sol-gel (890, 1400 -1500 cm Ϫ1 ) powders, suggesting that the HA powders contained carbonate groups within the structure. In particular, the C-O bands in the sol-gel powder were more prominent than in the slurry powder. Figure 5 (a-c) shows the typical microstructures of the HA/FA slurry coatings on the ZrO 2 porous scaffold. The coating layer covered the ZrO 2 framework thoroughly, as manifested in the macrostructure [ Figure 5(a) ]. Closer examination of the surface showed a microporous and rough coating structure, with grain and pore sizes of several micrometers [ Figure 5 The SEM morphologies of the sol-gel HA coated onto the HA/FA slurry layer are shown in Figure 6(a-c) . The ZrO 2 porous scaffold was uniformly coated with the sol-gel and slurry coating layer [ Figure 6(a) ]. Compared to the slurry coating surface, the sol-gel-treated surface became smooth because the micropores were filled with the sol-gel HA [ Figure 6(b) ]. From the cross-section morphology, the solgel HA film appeared to infiltrate through the slurry layer and showed a pore-filled structure [ Figure 6(c) ]. This micrograph shows that the HA sol penetrated the pores of the slurry coating layer during the dipping and rotating process.
Microstructural Evolution
Bonding Strength and Dissolution Behavior
The bonding strength of the coating layers on the ZrO 2 substrate is shown in Figure 7 . The bonding strength of the HA/FA slurry system (23 MPa) increased significantly after the sol-gel coating process for all heat-treatment temperatures (p Ͻ 0.01 for 600°C and p Ͻ 0.05 for others). The highest bonding strength of 33 MPa was obtained after heat treatment at 600°C. Figure 8 shows the dissolution behavior of the coating systems after immersion in a physiological saline solution for periods up to 3 weeks. When compared to the slurry coating, the layer with additional sol-gel coating dissolved much faster (by a factor of ϳ5-7) for all the sol-gel heat-treatment temperatures. Among the sol-gel-treated samples, the dissolution rate was the highest after heat treatment at 400°C, and lower at both 600 and 800°C. Figure 9 (a-f) shows the MG63 cells growing on the slurry and the combined sol-gel/slurry coatings on ZrO 2 discs and porous scaffolds after they were cultured for 3 days. In the HA/FA slurry coatings, the cells were rather contracted and The dissolution rates were confirmed by the Ca 2ϩ ion concentration released from the coating layer after incubation in a physiological saline solution (0.9% NaCl) for periods up to 4 weeks. Sol-gel HA coating was obtained at various heat-treatment temperatures of 400, 600, and 800°C (n ϭ 3, meanϮSD).
Cell Response
the cell shape was elongated [ Figure 9(a-c)] . However, the cells on the sol-gel-assisted coating layer spread in a more flattened manner [ Figure 9(d-f) ]. Nonetheless, the cells appeared to grow quite well on all the coating samples. Figure 10 shows the degree of cell proliferation on the coatings on ZrO 2 discs after they were cultured for up to 7 days. In all cases, the number of cells after 7 days increased markedly compared to that after 3 days, confirming the fa- Figure 9 . Scanning electron micrographs of the MG63 cells proliferated onto the coatings on ZrO 2 discs and porous scaffolds after culturing for 3 days; HA/FA slurry coating on ZrO 2 disc (a,b) and scaffold (c), and sol-gel HA ϩ HA/FA slurry coating on ZrO 2 disc (d,e) and scaffold (f); Cell, MG63 cells; SG, sol-gel coating layer; SL, slurry coating layer; and Z, ZrO 2 substrate. Sol-gel HA coating was obtained at heat-treatment temperature of 600°C.
vorable cell-proliferation behavior. However, there was no statistically significant difference between the slurry and solgel/slurry combined coating samples.
DISCUSSION
In this study, combined coatings of HA/FA slurry and HA sol-gel on a porous ZrO 2 substrate were introduced to deposit a functionally gradient system from mechanical, chemical, and biological points of view (from the outer to inner; sol-gel HA/slurry HA/slurry FA/ZrO 2 ). The mechanically strong ZrO 2 , used as the load-bearing part, was in the form of a porous scaffold to induce osteoconductivity. The interconnected framework with a pore size and porosity of ϳ600 m and ϳ90 %, respectively, is appropriate for bone ingrowth into the scaffold (Figure 2) . 12, 14 Moreover, the strength of the porous ZrO 2 was superior to that of HA by a factor of ϳ7, confirming its ability as a load-bearing part. 12 However, because the ZrO 2 is bioinert, an apatite coating layer needs to be deposited over the ZrO 2 surface. The apatite coating layer was designed to be chemically and biologically gradient. Therefore, a more bioactive film coating was used as an outer layer, and a more stable and stronger layer was positioned inside by tailoring both the coating technique (sol-gel/slurry) and the composition (HA/FA). An FA layer was introduced to suppress the reaction between HA and ZrO 2 .
12 In addition, the FA layer can serve as an intermediate element for a gradient coating system.
A sol-gel coating is generally performed at a much lower temperature than a slurry coating because the sol-gel process facilitates a lower crystallization temperature compared to a slurry coating, in which an apatite powder is used. A temperature as low as 400°C was found to initiate HA crystallization, and the level of crystallinity increased at higher heattreatment temperatures. 13 In the case of the slurry coating, the coating temperature should be higher than 1200°C in order to obtain a strong coating layer driven by the solid-state sintering mechanism.
12 Therefore, the slurry and sol-gel coatings were performed at 1250 and 400 -800°C, respectively. Consequently, a less crystallized apatite structure was formed in the sol-gel system (Figures 3 and 4) .
In addition, a much thinner layer (ϳ1 m) was formed by the sol-gel method, which was in contrast to the slurry coating, where the thickness was over ϳ10 m. In this respect, the sol-gel method has advantages of coating the complex-shaped system, considering the coating of the macroporous ZrO 2 scaffolds and the microporous slurry coating layer. In reality, the highly microporous and rough surface obtained by the slurry coating ( Figure 5 ) became smooth as a result of the HA sol-gel layer infiltrating the micropores to a considerable extent ( Figure 6 ).
The obtained sol-gel/slurry combined coating layer had an improved bonding ability to the slurry coating layer with an increase in bonding strength from ϳ23 to 27-33 MPa, depending on the heat-treatment temperature ( Figure 7) . The difference was statistically significant between the combined and slurry coatings, whereas little difference was observed among the combined coating samples depending on the heattreatment temperatures. The infiltration of the HA sol through the microporous slurry coating structure and further crystallization might have increased the bonding strength by strengthening the coating layer itself or by enlarging the contact area with the substrate.
The dissolution behavior of the coating systems suggested that the sol-gel-treated samples had higher dissolution rates than the slurry-coated case (Figure 8 ). In particular, at a very short incubation period, the sol-gel film responded quickly, and the trend was maintained thereafter. More constructively, the dissolution rate of the sol-gel film could be tailored by changing the heat-treatment temperature, which was closely related to the degree of apatite crystallization, that is, a higher crystallinity resulted in a lower dissolution rate. Furthermore, changes in sol-gel film thickness, which can be varied by the sol concentration and coating cycle, might be used to induce a controlled dissolution rate.
Along with the dissolution behavior, the cellular responses were assessed in terms of cell spreading, growth, and the proliferation rate. It is known that both the chemical status (composition and crystallinity) and the physical properties (porosity, roughness, and morphology) influence the cell attachment, spreading, and proliferation behavior. 18 -21 In practice, the MG63 cells appeared to spread and grow in a different manner on the two coating systems (Figure 9 ). The physically smooth sol-gel surface appeared to be favorable for the extension of the cell membranes compared to the rough and porous slurry coating surface. On the other hand, the chemically bioactive sol-gel film could affect cell attachment and movement by transferring minerals. 21 Although there was little significant difference between the two systems at a proliferation level (Figure 10 ), the dissimilar cell mor- Figure 10 . Proliferation levels of the MG63 cells grown on the coating layers on ZrO 2 discs after culturing for up to 7 days. Thermanox was used as a control. Sol-gel HA coating was obtained at heat-treatment temperature of 600°C (n ϭ 3, mean Ϯ 1 SD, no significant difference among the samples).
phologies possibly affect the further cell differentiation. 22, 23 In this respect, a future study on the functionality and activity of the proliferated cells is currently under way to understand the in vitro cellular responses completely.
CONCLUSIONS
A strong ZrO 2 scaffold was coated with apatite layers by using sol-gel and powder slurry methods to improve the biocompatibility of the porous scaffold. The coating layer consisted of a sol-gel HA/slurry HA/slurry FA from outer to inner to endow gradient functionality to the system. The sol-gel HA layer coated on the slurry HA/FA layer infiltrated into the micropores and made the surface smooth. The bonding strength of the combined coating to the substrate was improved up to 33 MPa. The sol-gel HA layer showed much higher dissolution rate than the HA/FA slurry layer did, and the rate was controlled with heat-treatment temperature. The osteoblast-like cells cultured on the combined coating were more flattened with respect to the slurry coating, although the proliferation rate was similar.
